Diphtheria toxin inhibits protein synthesis in eukaryotic cells by catalyzing inactivation of elongation factor 2. The 10,000-fold greater sensitivity in vitro to diphtheria toxin of human cells as compared to mouse cells seems to be attributable to a difference at the level of the cell membrane.
Of all infectious diseases of man diphtheria has been the most successfully studied, with succeeding advances in various fields providing methods to further elucidate the etiology and pathology of this disease. We present here evidence for the assignment to human chromosome 5 of a gene(s) which is involved with susceptibility of cells to the diphtheria toxin. Apart from its intrinsic interest, this finding further defines a useful genetic marker and a means of selecting against mousehuman interspecific hybrid cells in which human chromosome 5 is present.
Diphtheria was the first infectious disease the pathological effects of which were clearly attributable to the effects of a bacterial exotoxin. This toxin is not neurospecific, as are botulinus and tetanus toxins, but appears to affect all cell types. Its mode of action is to enzymatically inactivate cytoplasmic elongation factor 2 (EF-2), thus preventing polypeptide chain elongation and hence protein synthesis. In cell extracts it has been shown to inactivate EF-2 from all eukaryotic organisms tested but does not affect the analogous elongation factor (EF-G) found in prokaryotic and mitochondrial systems. Studies leading to the elucidation of the cellular and molecular events in the pathogenesis of diphtheria have been recently reviewed by Pappenheimer and Gill (1) .
The toxin consists of a single polypeptide chain coded by a viral gene and is produced only in strains of Corynebacterium diphtheriae that are lysogenic for phage carrying the tox gene. It has been shown that the chain may be broken down into two fragments normally held together by a peptide bond and a diAbbreviation: EF-2, elongation factor 2.
sulfide bond. The fragment with EF-2 inactivating activity has been termed the A fragment and, following the suggestion of Refsnes (2I), might be termed the effectomer. The B fragment is apparently responsible for binding to the cell surface and might be termed the haptomer (1, 2) . Mice Our cell fusion techniques using inactivated Sendai virus have been reported (4) . The alanosine-adenine selective system (5, 6) which selects for cells retaining APRT was used to select the hybrid cells. The hybrid lines used in this study were clonal lines originally isolated and described by Tischfield (6) $ JBA hybrids were derived from fusion of human JB leukocytes with mouse A9 cells (6) . § JFA hybrids were derived from fusion of human JB fibroblasts with mouse A9 cells (6) .
acid. One drop of final suspension was placed on a clean dry slide and air dried. Individual chromosomes were identified by their fluorescence banding patterns, using quinacrine mustard or quinacrine dihydrochloride (atebrin) (8 the least amount of toxin that when injected subcutaneously will kill a 250 g guinea pig within 4 or 5 days. Lot no. GO-2900 contained merthiolate as a preservative. Straight dilution into medium or dilution of toxin dialyzed two times against 100 volumes of medium gave the same toxic effect in cell cultures.
Cytopathic effects of the toxin were not quantified, but lines were scored as sensitive to toxin if cultures grown in medium to which toxin had been added showed a marked inhibition of cell proliferation as compared to control cultures grown in medium without toxin. The toxin-treated cultures showed apparent cell death as judged by extensive cell detachment and lysis. At doses of 0.3 nM or higher the effect was obvious within 24 hr (Fig. 1 (9) . The effect of toxin on protein synthesis by HeLa cells in the same medium was followed similarly. It should be noted that in the case of nonintoxicated hybrid cells, sampling becomes unreliable and values for
[I4C]leucine uptake tend to be too low after 5-6 hr because cells begin to adhere to the walls of the flasks (see Fig. 1 ).
RESULTS
It was first determined that the mouse parental line A9 grew normally in medium containing 30 nM toxin per ml of media, while parental human cells were completely killed at toxin levels of 3 pM. This greater than 104-fold difference in sensi- tivity is consistent with previous comparisons of mouse and human cell sensitivity to toxin (1). We next tested the effects of toxin on a number of mousehuman hybrid cell lines which retained the intact A9 genome, but retained various constellations of human chromosomes. Cells were grown in media with 3 nM or 30 pM toxin and their growth was compared to that of control populations grown in toxin-free media.
Ten hybrid lines were originally tested. The hybrid lines and the human chromosomes present in each line are shown in Table 1 . As is also shown in Table 1 , by our qualitative assay only two hybrid lines showed sensitivity to toxin, with marked inhibition of proliferation and apparent cell death in the toxin-treated versus the control cultures. The only human chromosome present in common in these two sensitive hybrid lines and absent in all the intensitive lines was chromosome 5. This result suggests that the presence of chromosome 5 could cause the hybrid cells to be sensitive to toxin.
To test this we next plated the two sensitive lines, JFA 16a-8 and JFA 14a-13, and one insensitive line, JFA 14a-23b, into medium containing 150, 30, 3, 0.3, and 0.03 pM toxin and into toxin-free medium. Chromosome analysis was done on the controls and the populations of cell surviving toxin treatment. Approximately 106 cells were plated per flask with a survival for the toxin-sensitive lines (those lines showing severe inhibition of proliferation) of about 2 X 105 cells. When the surviving population was almost confluent (2 X 106 cells), chromosome analysis was done. At this stage, of 100 cells examined, it is highly unlikely that more than a few were descended from the same cell in the original population. Thus, analyzing one hundred surviving cells is equivalent to analyzing 100 subelonal populations of toxin-surviving cells. The results are shown in Table 2 . While in the original JFA 14a-13 line, 90% of the cells retained human chromosome 5, in the surviving population no cells were found that retained chromosome 5. We can infer, then, that all cells in which chromosome 5 was present were killed. The level of no other human chromosomes was similarly affected. The chromosomes retained in the JFA 14a-13 toxin-surviving population were also present in JFA 14a-23b, a sister subclonal line of JFA 14a-13 (both JFA 14a-13 and JFA 14a-23b were derived from JFA 14a, a hybrid clonal line derived from fusion of A9 and JB fibroblasts). There was no noticeable decrease in cell proliferation in the JFA 14a-23b grown in toxin as compared to the controls. JFA 14a-13-5, a subclonal line derived from JFA 14a-13, retained only human chromosomes 5 and 18 and was tested in the same manner, with the results given in Table 2 . While the level of human chromosome 18 in the toxin-surviving population dropped only slightly, the level of chromosome 5 dropped from 70 to 0%.
A fourth clone tested, JFA 16a-8 (Table 2) , showed similar results; chromosome 5 disappeared, while the level of the other human chromosomes remained relatively unchanged. Table 2 It should be noted that JFA 14a-13, JFA 14a-13-5, and JFA 14a-23b had a 1S mouse constitution (i.e., the mouse chromosome complement was similar in number to the parental A9 stemline). JFA 16a-8 had a 2S mouse input and would thus have arisen from fusion of a 2S A9 cell, or 2 1S A9 cells, with one human cell. The difference in S number did not appear to affect the level of sensitivity to toxin; in sensitive lines of both S numbers all cells with human chromosome 5 were killed at 30 pM toxin.
Effect on Protein Synthesis. Fig. 2 shows the effect of toxin on protein synthesis in JFA 14a-13-5, the hybrid line that retained only human chromosomes 5 and 18. The percent reduction in protein synthesis (about 75%) is consistent with the percent cells in this line retaining chromosome 5 (70-80%).
Effect of Presence of Other Human Chromosomes on Sens%-tivity to Toxin. Our first two series of experiments (Tables 1  and 2 ) indicated not only that chromosome 5 was involved with increased sensitivity to toxin, but ruled out major contributions of human chromosomes 1, 2, 3, 4, 6,8, 10 11, 12, 13, 14, 16, 17, 18, 19, 20, 21 , and X. To further rule out involvement of other human chromosomes in toxin sensitivity, we analyzed the human isozymes of several lines. These lines were grown in toxin (3 nM)-containing and toxin-free medium and enzyme analysis was done on extracts of both populations. A loss of a human isozyme from the toxin-treated population could indicate that the chromosome to which the gene for that isozyme had been assigned conferred sensitivity to toxin on the hybrid cells; retention of an isozyme in both populations indicated that the chromosome involved did not confer sensitivity on the hybrid line. The data in Table 3 indicate that the presence of human chromosomes 2, 11, 12, 14, 19, 21, and X is not associated with increased sensitivity to toxin.
In experiments which will be reported elsewhere we have shown that hybrids that are grown in toxin lose human hexosaminidase B (11) . The gene for hexosaminidase B has been assigned to chromosome 5 by means of mouse-human somatic cell hybrids (12) . DISCUSSION The results presented here clearly demonstrate the usefulness of diphtheria toxin as an agent selecting against mousehuman cells containing human chromosome 5. The development of such negative selection systems should prove highly useful in constructing hybrid lines with desired human chromosome constitutions. This genetic marker should also be useful in studies of primate karyological evolution. Cells from chimpanzee (S. Chen and R. Creagan, unpublished data), and rhesus monkey (S. Chen and R. Creagan, unpublished data) exhibit a sensitivity to diphtheria toxin similar to that of human cells, and this marker would thus be useful for studies of mouse-primate somatic cell hybrids. We have confirmed the observation that rat cells in culture -exhibit resistance to diphtheria toxin similar to that of mouse cells; it thus should be possible to determine whether human chromosome 5 will confer sensitivity to diphtheria toxin in rat-human cells as well.
Diphtheria toxin should also be useful in selecting mouseprimate hybrid cells. Dendy and Harris (3) noted that heterokaryons between sensitive (chick, human) and resistant (mouse) cells are sensitive to toxin (i.e., toxin sensitivity appears dominant). In the heterokaryons, presumably, both parental genomes are intact. In hybrid cells, however, there is a widely observed but little understood phenomenon of apparent early (perhaps in the first few divisions) loss of genetic material. In most mouse-human hybrids reported to date, there has been apparently unilateral loss of human chromosomes, although at least two reports (13, 14) indicate the loss of mouse chromosomes. Diphtheria toxin would kill human cells, and hybrid cells retaining human chromosome 5, but would allow any hybrids that had lost chromosome 5 to survive. Thus, for example, if mouse A9 cells were fused with human cells and the fusion mixture plated out so that synkaryon formation and possible early loss of genetic material could take place, and then if selective medium containing alanosine-adenine (5, 6) This seems unlikely, since we have found (S. Chen, unpublished data) that both the sensitive hybrid and the parental cells are equally sensitive to ricin.
We feel that it is more likely that there is a single human gene that codes for a diphtheria toxin receptor protein, or an enzyme that modifies an existing membrane component in such a way that it will bind the toxin. If the number of diphtheria toxin receptors per cell is actually as low as postulated (<20,000) the characterization of this receptor may be difficult.
Much interest has been aroused in the three toxins, abrin, ricin, and diphtheria toxin, because of their differential effect on tumor cells as compared to normal cells in vivo as well as in culture (16) (17) (18) (19) . The increase in sensitivity of tumor cells over normal cells has been seen for both mouse and human tumor cells. The increased sensitivity of tumor cells does not appear to be toxin-specific (i.e., the difference between normal and tumor cells is similar for abrin, ricin, and diphtheria toxin). If the receptor for diphtheria toxin is different from that for ricin and abrin, as seems to be the case, then a change in both receptor specificities in tumor cells seems an unlikely explanation for their increased sensitivity to toxin. An increase in the second step, facilitated entry of the toxin, may better explain the difference in sensitivity to the toxins. This could involve a direct increase in endocytotic activity or an increase in endocytosis of toxin secondary to increased receptor mobility (14, 20) .
Preliminary reports of this work have been presented elsewhere (21, 22) .
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